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                                  ABSTRACT 
         Understanding and controlling the corrosion behaviour of nano-scale solids are 
vital in its applications ranging from sensing to catalysis. Herein, Gibbs-Thomson 
thermodynamic analysis is presented for the case of Pt-Au alloy nanoparticles; and 
then employed to demonstrate the construction of its particle-size-dependent 
potential-pH diagram, and potential (E) vs. (2/r) graph. It also discussed the data set 
required for the construction of such diagrams in general and describes how some 
parameters are accessible via experiment while others can only be reliably determined 
from first-principles-based electronic structure calculations. Based on this GT 
equation, it could be possible to predict the dissolution potential for Pt of Pt-Au alloy 
NP. In the case of Pt in Pt-Au alloy NPs this analysis predicts that particles of 
diameter less than 4 nm dissolves via the direct electrochemical dissolution pathway, 




, while larger particles form an oxide and then dissolve at high 
potential through chemical dissolution of the oxide (indirect dissolution pathway). 
Therefore stability decreases with its particle size. 
        In addition to this, the effect of alloying element (Au) on the stability of Pt has 
been analyzed by comparing E vs. (2/r) graphs of Pt in Pt-Au alloy NPs with that of 
Pt-alone NPs. This comparison shows that the dissolution potential which was 
predicted by their corresponding GT equations for Pt in Pt-Au alloy NPs is greater 
than that of pure Pt and this difference is higher when the particle size is getting 
smaller and smaller. Subsequently, Pt nanoparticles could be stabilized against 
dissolution by alloying it with gold; this is because of the higher platinum oxidation 
potential resulted from gold. This increased stability has an important contribution to 
many technological applications, for example, in fuel cell Pt has used as an 
electrocatalyst so its instability results in the degradation of the fuel cell. Beside its 
economical and activity advantages, using Pt-Au alloy NPs as an electrocatalyst 
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        抗腐蚀能力是实现纳米材料广泛应用的关键。本文主要围绕 Pt-Au 合金纳
米粒子的抗腐蚀性能，通过 Gibbs-Thomson 热力学分析，建立由纳米粒子的粒
径调控的 potential-pH 和 potential (E) vs. (2/r) 的相图。另外讨论了相
图中数据的设置准则及如何通过实验设计获得。通过建立的 Gibbs-Thomson 方
程提供了一种预测 Pt-Au 合金纳米粒子中 Pt 的溶解电位的可能性。对于 Pt-Au
合金纳米粒子，粒径在 4nm 以下的颗粒中 Pt 的溶解是以直接电化学溶解途径
进行的，Pt    Pt2+ + 2e-；而较大的纳米粒子以氧化物形式在更高电位下化学
溶解出（间接溶解）；因此，粒径越小其稳定性越低。 
通过比较 Pt-Au 双金属与纯 Pt 纳米粒子的 E vs.(2/r) 图，探讨了 Au 对
Pt 的稳定化机制。结果表明，运用 GT 方程预测的 Pt-Au alloy 合金纳米粒子
中 Pt 的溶解电位比纯 Pt 的高，且纳米粒子的粒径越小差异越大。Au 的存在起
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CN                   -         Coordination Number  
DFT  - Density Functional Theory 
ECSTM          - Electrochemical Scanning Tunneling Microscope 
ESA                -           Electrochemical Surface Area 
fcc - unit cell   -           Face centered Cubic Unit cell  
GT  - Gibbs-Thomson  
MEA               -           Membrane Electrode Assembly 
NPs                 -           Nanoparticles 
ORR               -           Oxygen Reduction Reaction  
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         Metal particles, wires, and thin films at nano-scale can have structural and 
electronic properties that differ from those of its bulk macroscopic counterparts. My 
focus on the electrochemical stability for Pt of Pt-Au alloy nanoparticles is in the 
regime where the crystal structure of the nano-scale solid is identical to that of the 
bulk macroscopic solid. In most cases a lower bound for this corresponds to a particle 
diameter of order 2 nm. For close-packed metals (atomic volume ~14 Å
3
) this is 
equivalent to a spherical particle containing ~300 atoms, with 200 atoms at the 
surface of the particle. At yet smaller length scales (“molecular clusters”) many 
physical and chemical properties are known to display quantum size effects, 
oscillatory behaviors, entropically driven icosohedral       facecentered-cubic(fcc) 




         For a given bulk substance when its size decreases to a nano-scale, its physical 
and chemical properties show changes, that is different from its bulk, this 
phenomenon is called quantum size effect. In fact, the standard electrode potential of 
a substance at nano-scale shows quantum size effect because at nano-scale which is 
smaller than that of its bulk. Therefore, predicting the standard electrode potential for 
a nano-scale substance is quite important to understand its electrochemical stability. 
This prediction can be done by means of “Thermodynamic simulation” based on 
Gibbs-Thomson equation; which is a DFT based thermodynamic equation that makes 
a simple relation between electrode potential and particle size. This equation contain 
parameters like surface stress   , surface free energy ( ) and atomic volume   , the 
value for some of these parameters could be obtained by first-principle based 
calculation and some by experiment.  
        As this study has focused on analyzing the electrochemical stability of Pt in Pt-
Au alloy nanoparticles, calculating its equilibrium potential by using Gibbs-Thomson 
thermodynamic equation is a primary step. In order to do this values of parameters in 
this equation should be determined, some of which are obtained from literature and 
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of parameters to their corresponding equation and finally, a numerical Gibbs-
Thomson thermodynamic equation will be obtained. Based on this equation, graphs 
like E vs. (2/r) and particle-size-dependent potential-pH diagram can be drawn to 
demonstrate the stability of Pt in terms of potential and pH range, and to infer the 
dissolution mechanism for Pt in Pt-Au alloy nanoparticles. In addition to this, it could 
be possible to analyze the effect of alloying element (e.g. Au in this work) on the 
stability of Pt by comparing numerical Gibbs-Thomson thermodynamic equation of 
Pt-Au alloy nanoparticles with that of Pt-alone.  
 
1.1 literatures Review  
 
         Nanotechnology (sometimes shortened to "nanotech") is the study of 
manipulating matter on an atomic and molecular scale. Generally, nanotechnology 
deals with structures sized between 1 to 20 nm (mostly particles size between 1 to 
100nm are regarded as nano-scale though) in at least one dimension, and involve 
developing materials or devices possessing at least one dimension within that 
size. Quantum mechanical effects are very important at this scale, which is in 
the quantum realm. 
         Nanotechnology is believed to be the basis of many technological innovations of 
the 21
st
 century. Research and development in this field is growing rapidly throughout 
the world. The major outputs of this activities are the development of new materials in 
the nanometer scale, including nanoparticles.
[2]
 These are usually defined as 
particulate materials with at least one dimension of less than 100 nm, where one 
nanometer is 10
-9 
m. By comparison, a human hair is approximately 70,000 nm in 
diameter, a red blood cell is approximately 5,000 nm wide and simple organic 
molecules have sizes ranging from 0.5 to 5 nm.  
         Today, nanoparticles have already became an indispensable material for 
industries because of their unique size dependent properties such as electrical, 
magnetic, mechanical, optical and chemical properties, which largely differ from 
those of their bulk. For example, gold at bulk state is inert, whereas at nano-scale it 
shows extremely special property of catalytic activity. The electrochemistry of nano-
scale metal particles should differ from the electrochemistry of bulk metal electrodes. 
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(smaller than 15 nm or so) differ from those of bulk metal, and these properties are 
depends on the particle size. In the case of silver, for example, the lattice constant of 
the fcc-unit cell is compressed by as much as 9% for nanoparticles, and the melting 
point is depressed by as much as 700°C. Electronic properties including the 
photoelectron yield and the energy of the Plasmon resonance absorption also exhibit 
particle size dependence in this size regime. Collectively, this observation leads to the 
expectation that the electrochemical properties of silver nanoparticles, such as the 
standard electrode potential, E°, should also be size dependent. The thermodynamic 
analysis based on Gibbs–Thomson (or Kelvin) equation predicts that metal 
nanoparticles will exhibit an E° shifted negatively from the E° of the bulk metal
[3]
. As 
a result of this, nanoparticles tends to dissolve well below the dissolution potential of 
their bulk counterpart this implies that, they are not stable at bulk standard electrode 
potential. 
         Nonetheless, so many advantages were obtained by using nano-scale materials 
in different industries but still there are so many problems those hiders using it for 
large scale production and commercialization of different technologies. One of these 
problems is the stability of substances at nano-scale. So understanding and controlling 
the electrochemical stability or corrosion behaviors of nano-scale solids are quite 
important in a variety of applications such as nano-scale electronics, sensing, and 
catalysis, especially understanding the dissolution mechanism of Pt or Pt-M 
nanoparticle catalysts in fuel cell. 
         There have only been a few reports in the literature aimed at examining the 
electrochemical stability of small isolated metallic clusters or particles. For instance, 
in studies which has been done by Klob et al.
[4]
 and Kowk et al.
[3]
 has examined the 
stability of nanometer-size Cu particles on Au (111) surfaces, and Ag particles on 
highly oriented pyrolytic graphite surface respectively. Each of these studies has 
reported an enhanced stability of the nano-scale particle when they are compared to 
the dissolution behavior of their corresponding bulk electrode, and these results were 
qualitatively rationalized in terms of the possible nonmetallic behavior of these 
particles resulting from quantum size effects. In the case of Cu particle study, other 
research groups like Del Popolo et al.
[5]
 and Maupai et al.
[6]
 has suggested that 
mechanical alloying effects may have been responsible for the observed enhanced 
stability but for the case of 8-43 nm diameter Ag particle arrays stability which has 
been examined by Ivanova et al.
[7]
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particle size, but the quantitative behavior of these particle assemblies could not be 





 which are based up on the Gibbs –Thomson thermodynamics analysis and 
ECSTM experiment result shows that the stability decreases as the particle size. 
         The analysis for the stability of nanoparticles could be done in so many ways 
like by experiment; using electro chemical scanning tunneling microscope (ECSTM), 
and theoretically; by DFT based thermodynamics and also kinetic studies. Recently 
Tang et al.
 [8] 
has done an in-situ STM measurement and density functional theory 
(DFT) based thermodynamic calculations to show the quantum size effect, that is, as a 
particle size decreases the stability also decreases, for example his in-situ STM 
analysis showing that a potential-time sequence of 5 Pt particles of different size 
dissolving in 0.1 M H2SO4. Initially a set of 5 particles are subjected to a potential of 
0.600V vs. (NHE) (Normal Hydrogen Electrode) and then the Voltage is pulsed to 
0.650 V at this potential the dissolution of particles (r = 0.58 nm) and (r = 0.62 nm) 
has been observed. Particles of (r = 0.83 nm) and (r = 0.81 nm) were stable to a 
potential of 0.700 V and then dissolved at 0.750 V. Particle of (r = 1.43 nm) was 
stable at 0.750 V after 600 s at this potential. This particle starts to dissolve at a 
potential of 0.900 V after 300s, so this experiment result demonstrated that the 
dissolution potential for the given particle size for example the dissolution potential 
for (r = 0.58 nm) and (r = 0.62 nm) was in the range of 0.600V to 0.650V. 
         In the above DFT study, the author had developed a Pourbaix diagrams for 
extended Pt surfaces which was obtained by first-principle calculation, the result 
which had been obtained from this diagram was in agreement with the above 
experimental results i.e. this diagram had shown that the direct dissolution of bulk Pt 
to Pt
2+
 occurred only at low pH and high electrode potential
[8]
 but at high pH value Pt-
hydroxide and PtO will be formed, at this condition if Pt
2+
 exist in the solution it only 
comes through the chemical dissolution of the oxide. Finally, results from this 
experiment and DFT study shown that, when the particles size getting smaller, it 
dissolved well below the dissolution potential of the bulk so this implied that their 
stability also decreased but in the case of large sized particles their stability was not 
affected like the small sized particles because they were passivated by forming a thin 
oxide layer so it prevents Pt from further dissolution. If Pt
2+
 was formed in the 













 Chapter 1       Introduction   
5 
 
         Another work which has been done by Henglein et al.
[9]
 also shows that the 
prediction of large negative shifts in the redox potential for small Agn clusters (n = 1 
to 15) as the number of atoms in the cluster decreases and also Plieth et al.
[10]
 
similarly predicted a negative shift in the redox potential proportional to (1/radius) for 
small nanoparticles relative to the bulk metal based on the difference in surface free 
energy between bulk metal and the same number of atoms dispersed into smaller 
nanoparticles. Experimentally, 
[11]
 Brus et al. and co-workers 
[11]
 also showed that 
large Ag nanoparticles grew at the expense of small NPs on a conductive surface 
(Ostwald ripening) due to the predicted negative shift in oxidation potential for 
smaller sizes. Such experimental and theoretical results have shown that the 
agreement between experimental and theoretical calculation for the prediction of the 
standard electrode potential by using Gibbs -Thomson thermodynamics equation.  
 
1.2 Motivation of the Study   
 
         In today‟s world, the demand for clean and sustainable energy sources has 
become a strong driving force in continuing economic development, and thus as well 
in the improvement of human living conditions. In recent year‟s fuel cells as clean 
energy converting devices, has drawn a great deal of attention due to its high 
efficiency, high energy density, and low or zero emissions. 
         The electrochemically active Pt sites in the membrane electrode assembly 
(MEA) are the only effective ones for fuel cell electrode reactions. So the more the 
sites of electrochemically active Pt (e.g., electrochemical surface area, ESA), the 
higher the performance of fuel cell electrodes. Different processes can be involved in 
the apparent loss of platinum surface area, including (i) platinum dissolution and 
redeposition (Ostwald ripening process), (ii) coalescence of platinum nanoparticles 
occurring as a result of particle migration on the carbon support, (iii) platinum 
nanoparticle agglomeration triggered by corrosion of the carbon support, (iv) 
platinum dissolution and migration of the dissolved Pt species to the interior of the 
polymer electrolyte membrane where they can react (be reduced) with H2 gas 
diffusing from the anode to the cathode, and (v) platinum dissolution and migration of 
the dissolved Pt species to water collected from the reactant gas exiting the cell. Also, 
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the size of the Pt nanoparticles 
[12]
. The degradation mechanism is still being 
investigated and the approaches for improving the catalyst durability are also under 
extensive exploration. Still now a great progress has been achieved in this field in the 
few past years.  
        Generally, after a fuel cell operates for a certain time an irreversible loss of 
performance has been encountered. Although the mechanism leading to the 
performance loss of the full cell has not been completely understood but knowing the 
electrochemical stability for Pt or Pt-M electrocatalyst i.e., the dissolution condition 
and its mechanism has an important contribution to understand and design a solution 
to improve the performance of fuel cell. So this thought makes me motivated to do 
this research work.    
 
1.3 Objectives of the Study 
  
         For many applications, increased surface to volume ratio achieved by particle 
size reduction leads to lower materials cost and higher efficiency, but there are 
questions as to whether the intrinsic stability of materials also decreases with particle 
size. An important example of this relates to the stability of Pt catalysts in, for 
example, fuel cells. 
         This study has focused on analyzing the electrochemical stability of catalysts for 
fuel cell application. 
[13]
 In fuel cell normally Pt or Pt-M alloy nanoparticles of size 
ranging from 2-3 nm were used as an electrocatalyst on both anode and cathode 
electrodes. Here, for Pt-Au alloy nanoparticles, Gibbs-Thomson thermodynamic 
analysis has been used for the prediction of its standard electrode potential, to 
construct its particles-size dependent potential-pH diagram which shows the stability 
for Pt of Pt-Au alloy nanoparticle of a given size as a function of potential, and pH, 
and also to show the effect of particle size on the dissolution mechanism change for Pt 
in Pt-Au alloy nanoparticles. Finally, this GT analysis also could be used to show the 
effect of alloying element (Au) on the stability of Pt and then discuss on some 
technological importance of this analysis. 
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1.3.1 Derivation of Gibbs-Thomson Thermodynamic Equation 
 
        When an equilibrium developed for a finite-size solid immersed in a fluid 
containing a single soluble component of the solid, there will be a difference in the 
chemical potential of the component in the solid and fluid phases, which has been 
given
[14]
 by,                             ,  then by using this equation it could be 
possible to derive Gibbs-Thomson equation to predict the dissolution potential and 
then to analyze electrochemical stability for a given metal element into consideration 
as the function of pH and potential. 
         Based on GT thermodynamics analysis, this study has focused on analyzing the 
electrochemical stability for Pt of Pt-Au alloy nanoparticles. In order to attain this 
objective GT equation for each electrochemical and chemical equilibria for Pt of Pt-
Au alloy nanoparticles should be derived. The electrochemical and chemical 
equilibria for Pt in Pt-Au alloy NP involve reactions like a direct dissolution of Pt, 
oxide formation of Pt and chemical dissolution of PtO. After this collect the data sets 
which are required to evaluate GT equations of each reaction equations. Finally, it 
could be possible to predict the dissolution potential for each particle size of the 
focus, develop particle-size-dependent potential-pH diagram, E vs. (2/r) graph and 
also to analyze the effect of alloying element (Au) on the stability of Pt by using these 
GT equations. 
 
1.3.2 Constructing the particle-size-dependent potential – pH diagram for Pt   
          In Pt/Au alloy nanoparticles 
 
         Potential–pH diagram is also called pourbaix diagram shows the thermodynamic 
stability of different species in aqueous solution. In this diagram stability areas were 
represented as a function of pH and electrochemical potential scales, usually the upper 
and the lower stability limits of water are also shown in the diagram with dotted lines. 
Traditionally these diagrams have been taken from different handbook however; in 
most handbooks these diagrams are available only for a limited number of 
temperature, concentration and element combinations.  
         Still now most potential–pH diagram are only available for bulk metals and its 
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